Abstract
INTRODUCTION

1
Skeletal muscle is a highly adaptable tissue, which undergoes hypertrophy and atrophy in response to 2 overload and disuse, respectively. An inevitable consequence of normal aging is a significant loss of muscle 3 mass and strength (i.e., sarcopenia). Sarcopenia impairs musculoskeletal function and decreases independence 4 in elderly populations (25) . Although the etiology of sarcopenia is not fully understood, it is known that 5 considerable muscle fiber atrophy and decrease in total fiber number contribute to the sarcopenic muscle loss 6 (24) . Aging has been shown to diminish muscle function and attenuate the hypertrophic capability to 7 overload (6, 12) . Furthermore, there is evidence suggesting that aging may exacerbate the extent of muscle 8 loss during muscle disuse (4, 10, 11, 14) . Nevertheless, these findings are not universal because several studies 9 have reported a greater muscle loss in young vs. aged animals following hindlimb unloading (9, 36, 43) .
10
Apoptosis is an essential biological process which functions in maintaining the homeostasis of cell 11 survival/death, tissue turnover, and other fundamental physiological events (22, 48) . Recently, there has been 12 consistent evidence showing that apoptosis is activated or accelerated in skeletal muscle during disuse and 13 with normal aging (1) (2) (3) 5, 15, 23, 24, 34, 37, 38, 40, 45) . Although the importance of apoptosis in muscle atrophy 14 has yet to be resolved, these findings support the hypothesis that apoptosis may have a physiologic role in 15 regulating the process of muscle loss in response to muscle disuse. Indeed, it has been suggested that 16 apoptosis can occur within a particular myonucleus without influencing the entire myofiber and this may 17 function to mediate the elimination of individual myonuclei during muscle disuse in order to coordinate the 18 size of myonuclear pool (perhaps maintaining the nuclei to cytoplasm relationship) and therefore muscle 19 atrophy (1, 24, 40) . However, there are also findings showing that myonuclear number does not change with 20 hindlimb suspension-induced atrophy in muscle of aged animal and this suggests that the homeostatic balance 21 of myonuclear domain may be perturbed in aged skeletal muscle (19, 24) . Furthermore, it has been exhibited 22 that aging may influence the apoptotic response to unloading-induced muscle atrophy (24, 40) . Altogether,
23
aging presumably complicates a number of events (e.g., myonuclei homeostasis and apoptotic regulation) that 24 have been proposed to be involved in mediating the process of atrophy.
25
Although the activation of apoptosis has been demonstrated in hindlimb suspended soleus muscle 26 (1, 24) , a muscle that is primarily composed of fibers containing type I myosin heavy chains, it is unclear whether apoptosis is also involved in muscles composed of mixed fiber types (e.g., gastrocnemius, which 1 contains both slow and fast myosin heavy chains) as these mixed-fibers muscles also atrophy during hindlimb 2 suspension. As global changes in skeletal muscle may not be just confined to the soleus muscle, it is 3 important to determine whether differences in apoptotic responses to disuse may exist in muscle groups that 4 are composed of predominated fast myosin containing fibers compared to muscles that have predominately 5 slow fibers (e.g., gastrocnemius vs. soleus). Moreover, there is a lack of data examining the influence of aging 6 in suspension unloading-induced apoptosis. Therefore, this study examined the responses of apoptosis and 7 apoptotic regulatory factors to 14 days of hindlimb suspension in young adult and aged gastrocnemius 8 muscles. We tested the hypotheses that apoptosis is associated with the hindlimb suspension-induced mixed 9 fiber-muscle loss and those apoptotic responses to suspension are age-dependent. 10 
11
METHODS
12
Animals. Experiments were conducted on ~6-mo old young adult and 30-mo old aged
13
Fischer 344 ×Brown Norway rats (Harlan, Indianapolis, IN), a rodent strain that is approved to be an 14 appropriate aging model by National Institute on Aging. This rodent model has a low rate of pathologies 15 including tumors (26, 49) . This makes it appropriate to study the effects of aging without the complications 16 of disease. The rats were housed in pathogen-free conditions at ~20 o C and were exposed to a reverse light 17 condition of 12:12 h of light:darkness each day. They were fed rat chow and water ad libitum throughout the 18 study period.
20
Hindlimb suspension procedure. adopted with minor modification to extract the cytosolic and nuclear protein fractions from the 18 gastrocnemius muscle. We have previously obtained the fractionated cytosolic and nuclear proteins from 19 skeletal or heart muscles using this modified protocol (38) (39) (40) . Briefly, after removal of connective tissues, 20 400 mg of muscle was homogenized on ice in 1.5 ml lysis buffer (10 mM NaCl, 1. 
24
The final collected supernatants were stored as nuclei-free total cytosolic protein fraction. A portion of this 
ANOVA was performed to examine the main effects of suspension, age, and interaction (suspension × age) 25 on the measured variables. ANOVA followed by Tukey HSD post hoc analysis was used to examine differences between groups. All data are given as means ± standard error of mean (SE than the young adult muscle (Figure 2) . In the young animals, the suspended muscles had a 73% greater 7
Bax mRNA content when compared to the control muscle (Figure 2A) . The Bax protein content increased in the aged muscle when compared to the young muscle ( Figure 3B ).
1
Caspase-3 and -9: mRNA content and protease activity. Hindlimb suspension did not cause any 2 changes in the mRNA content or protease activity of caspase-3 and -9 in both young and aged gastrocnemius 3 muscles (P > 0.05, Figure 4) . However, the mRNA content and protease activity of caspase-9 in the aged 4 muscle was higher than the young muscle ( Figure 4C and 4D) while the protease activity of caspase-3 5 appeared to be elevated in the aged muscle relative to the young muscle ( Figure 4B ).
7
Insert Figure 4 Caspase-3 and -9 muscle in an attempt to reduce the apoptotic loss of myonuclei and consequently muscle mass.
10
Moreover, in this study we found that the release/accumulation of mitochondrial AIF (a caspase-11 independent apoptogenic factor) in the cytosol is observed in the aged gastrocnemius muscle after hindlimb at the time points that were not examined in this study. In line with these age-related findings, previously
23
we have also observed that the apoptotic signaling components (e.g., Bax, Bcl-2, AIF, Id2, and p53) respond 24 to unloading differently in the hypertrophied muscles from young and aged birds (37, 40 Leeuwenburgh's group in which they did not find any age-related changes in Bax, Bcl-2, and caspase-3 23 activity (15, 16) . However, these discrepancies are reasonably explained by the differences in the age and the 24 strain of the animals being examined in the different studies and the approach of measurement being 25 adopted. In both of the studies reporting unchanged Bax, Bcl-2 or caspase activity (15, 16) , ~24 mo old
26
Fischer 344 rats were used as the aged model. It is likely that the different responses between our study using 1 accounted for by the differences in the ages and species of rats used in these studies. Data from 2
Leeuwenburgh's group showing that caspase-3 activity tends to increase in the soleus muscle of 32 mo old 3
Fischer 344 ×Brown Norway rats relative to young animals (P=0.052) further supports the above explanation 4 (24) . Moreover, unchanged Bax and Bcl-2 levels were reported according to the results of an ELISA 5 analysis performed on the mitochondrial fraction of muscle lysates. As compared to the total protein lysate,
6
this may also contribute to the contradictory findings on Bax and Bcl-2 as these BCL-2 family proteins have 7 been demonstrated to localize also in the subcellular compartments other than the mitochondria (e.g.,
8
endoplasmic reticulum) (8,51).
9
In the present study, we provide additional information showing that aging favors the pro-apoptotic 
18
In this study we have demonstrated that the activation of apoptosis, as denoted by elevated apoptotic
19
DNA fragmentation and changes of cytochrome c, and BCL-2 family proteins, is evident in a mixed-fibered 20 (gastrocnemius) muscle from both young adult and aged rats in response to acute hindlimb suspension. We Apoptosis has been shown to occur in disuse atrophy of slow myosin containing muscles (i.e., 9 soleus muscle), where muscle loss is severe (1, 24) . In the present study we show that hindlimb suspension 10 activates apoptotic signaling in the gastrocnemius muscle, which is less severely affected by disuse than skeletal muscle (7, 47 
